Possible Evidence for MeV Dark Matter In Dwarf Spheroidals 
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The observed 511 keV emission from the Galactic bulge could be due to very light (MeV) annihi- 
lating dark matter particles. To distinguish this hypothesis from conventional astrophysical sources, 
we study dwarf spheroidals in the region observed by INTEGRAL/SPI such as Sagittarius. As these 
galaxies have comparatively few stars, the prospects for 511 keV emission from standard astrophys- 
ical scenarios are minimal. The dwarf spheroidals do, however, contain copious amounts of dark 
matter. The observation of 511 keV emission from Sagittarius should be a "smoking gun" for MeV 
dark matter. 
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I. INTRODUCTION 

Although particle dark matter is generally thought to 
be in the 10 GeV-1 TeV mass range [1], it has been shown 
that a 1-100 MeV candidate is, in fact, possible [2]. Re- 
cent observations of a bright 511 keV 7-ray line from the 
Galactic bulge may be the first experimental evidence for 
light (1-100 MeV) annihilating dark matter particles [3]. 

Such particles could annihilate throughout the Galac- 
tic bulge and inner halo into positrons (and elec- 
trons) which, after losing energy, annihilate into 511 
keV gamma-rays. The observations of 511 keV emission 
from the Galactic bulge, made by INTEGRAL (INTEr- 
national Gamma- Ray Astrophysics Laboratory) [4], and 
previously by CGRO (Compton Gamma Ray Observa- 
tory) [5], could possibly be explained by a wide variety 
of astrophysical scenarios. Proposed sources include neu- 
tron stars or black holes [6], radioactive nuclei from su- 
pernovae, novae, red giants or Wolf-Rayet stars [7], cos- 
mic ray interactions with the interstellar medium [8] , pul- 
sars [9] and stellar flares. 

A popular class of possible sources is type la super- 
novae. The frequency of such events required to pro- 
duce a sufficient number of positrons is ~ .6 per century 
(assuming an escape fraction of 4% [10]), however, well 
above the prediction of current models (0.03 per century 
within a factor of 3) [11-13]. Alternatively, massive Wolf- 
Rayet stars (hypernovae) of the SN2003dh type [14], ex- 
ploding in the Galactic Center are possible candidates 
[11], but their rate is unknown. Also, even if a very large 
flux of positrons were injected into the galactic center, it 
is not likely that the whole Galactic bulge could be filled, 
even if a bipolar galactic wind is produced by star bursts 
[15]. If a "galactic positron fountain" were to exist [16], 
the annihilation rate at high altitude is too low, due to 
the small density of the wind, to explain the extension of 
the 511 keV source [17]. 

Despite these arguments, it is difficult to be confident 
that none of these more standard astrophysical expla- 
nations are responsible for the observed 511 keV line 



from the Galactic bulge. To more strongly motivate the 
light dark matter annihilation scenario, further evidence 
is needed. 

Dwarf spheroidal galaxies are environments in which 
high densities of dark matter are known to be present. 
Thus, large dark matter annihilation rates and related 
gamma-ray fluxes are predicted from these regions [18]. 
Unlike the Galactic Center, the dwarf spheroidals are 
dark matter dominated and do not contain substantial 
amounts of gas or stars. Therefore, observation of bright 
511 keV emission from one or more dwarf spheroidals 
would provide strong evidence for light annihilating dark 
matter. 

In this paper, we consider the prospects for the ob- 
servation of 511 keV gamma-ray emission from the two 
closest dwarf spheroidals galaxies, Sagittarius and Draco. 
We find that the fiux predicted from Sagittarius may 
be above the sensitivity of INTEGRAL/SPI. Therefore, 
analysis of the (existing) INTEGRAL/SPI data from this 
region will yield a positive signal if light dark matter par- 
ticles are responsible for the observed 511 keV flux from 
the Galactic bulge. 



II. HALO MODELS 

We parameterize spherical cusped halo profiles [19] by 
[20]: 



p{r) 



(r/a)''[l + (r/a)"](/3-7)/" 



(1) 



where a, (3 and 7 are unitless parameters, a is the dis- 
tance from the center of the dwarf spheroidal at which 
the power law breaks and A is a normalization constant. 

Alternatively, spherical cored halo models can be pa- 
rameterized by [21] 
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where a is a unitless parameter, a is the core radius and 
Va is the velocity scale. Within the radius a, the halo has 
a nearly constant density core. 

The velocity dispersion of the dwarf spheroidals is 
largely controlled by the dark matter density distribu- 
tion and only weakly affected by tidal forces (even in the 
case of the disrupting Sagittarius) [22]. So, the observa- 
tional data can be used to constrain the free parameters 
in the dark halo profiles [23]. For Draco, the behaviour of 
the velocity dispersion with distance is known [24]. Re- 
taining 7 (for the cusped models) and a (for the cored 
models) as arbitrary, the remaining parameters are fixed 
by requiring that the velocity dispersion profile of Draco 
be reproduced. For Sagittarius, the velocity data are less 
complete and the morphological structure more compli- 
cated. However, the central line of sight velocity disper- 
sion of Sagittarius is similar to that of Draco. Therefore, 
we assume that the shape of the halo of Sagittarius is 
similar to that of Draco [23]. This simple assumption 
may be questionable because tidal disruption has prob- 
ably distended Sagittarius' dark matter halo [25] and is 
relaxed below. 

The effect of the dark matter distribution on the anni- 
hilation rate can be described by a single quantity: 

j(Ari) X An= j{'^)dn (3) 

where A<1 is the solid angle observed, ^ is the angle from 
the center of the halo and J(*) is given by 

jm = ( ^\ —\ — / p{rfds (4) 

^ ' V0.3GeV/cmV 8.5 kpc^/^^ ^' 

where p{r) is the dark matter density at a distance r 
from the dwarf spheroidal's center and the integral is 
performed over the line of sight of the observation. The 
rate of annihilations in an angular region is proportional 
to J( Af2) X Af2 and is otherwise independent of the prop- 
erties of the halo. 

Table I shows the values of J(AO) x A17 for Sagittarius 
and Draco calculated for several choices of halo profile, 
using Afl = 0.0038, consistent with the 2° angular reso- 
lution of SPI. These quantities were computed following 
Ref. [23] . Although the details of these calculations is be- 
yond the scope of this letter, rough comparisons of these 
values can be estimated with simple scaling relationships. 
Comparing the fluxes from a dwarf spheroidal and from 
the galactic bulge, we estimate 

_ j(Af])dsAi7ds _ /Mdsy/rgbxydgby 

$gb J(An)gbAr!gb V^gb/ VdJ \dds) ' 

where M's are the masses within a radius r, rf's are 
the distances from Earth and ds and gb denote a dwarf 
spheroidal and the galactic bulge, respectively. In this 
estimate, we have assumed a fairly flat density within a 



radius r. Using the quantities Tgb ^ kpc. r^s ^ 0.25 kpc, 
Mgb(r < kpc) ~ IO^Mq, Mds(r < 0.25 kpc) ~ lO^Mg, 
dgb ~ 8.5 kpc and d^s ~ 25 kpc, we very roughly estimate 
$ds-0.1$gb. 

The numbers in Table I are reasonably certain for 
Draco, but can plausibly be either an order of magni- 
tude larger or smaller for Sagittarius. Tidal disruption 
is likely to have distended the Sagittarius dark halo by 
a factor of ~ 10. For the same light profile, this causes 
the values for Sagittarius in Table I to be increased by a 
factor of ~ 30. 

III. ANNIHILATION AND POSITRON 
PROPAGATION 

If dark matter particles of ^1-100 MeV mass annihilate 
into electron-positron pairs, the resulting positrons then 
travel, gradually slowing by ionisation losses. This energy 
loss rate is approximately given by [27] 

f ~^'<'°-"(log=5)0«r + 6.6)eV/. (6) 

where T is the positron's Lorentz factor and Nj^ is the 
number density of target atoms. In the Galactic bulge, 
where we estimate Nh ^ lO^m"'^, this rate can yield 
stopping distances of ~ lO^'* and ~ 10^^ cm for positrons 
of MeV and 100 MeV energy, respectively. No gas has 
ever been detected in any of the Local Group dwarf 
spheroidals. So, the stopping distance is likely to be sig- 
nificantly longer. 



Halo Profile 


J(AQ) X AD, Sagittarius 


J{AD) X An Draco 


7=1 (NFW) 


0.063 


0.0057 


7=0.8 


0.063 


0.0056 


7=0.6 


0.062 


0.0056 


7=0.4 


0.056 


0.0050 


7=0.2 


0.054 


0.0049 


a=0.2 


0.029 


0.0026 


a=0 


0.031 


0.0029 


a=-0.2 


0.034 


0.0035 



TABLE 1. Values of J(Ar2) x AQ for Sagittarius and Draco 
calculated using a variety of profiles and AO = 0.0038, con- 
sistent with the 2° angular resolution of SPI. 
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Although no magnetic fields have been measured in 
Sagittarius or Draco, low surface brightness galaxies, 
which are somewhat similar, indicate that fields of 2- 
4 microgauss may be expected [28]. For microgauss 
scale magnetic fields, a positron's Larmour radius is on 
the order of 10^^ or 10^ cm for energies of 100 MeV 
and 1 MeV, respectively. Considering a simple random 
walk, the positrons are roughly confined to a distance 
of i/i?stop X -RLarm- Even if we conservatively esti- 
mate magnetic fields with 0.01 microgauss strength and 
10^ atoms per cubic meter, we find that positrons are 
stopped within 100 parsecs or less of their generation, a 
distance much smaller than could be resolved, given the 
angular resolution of SPI (~ 2°). 

The energy loss rate (6) leads to a thermalization time 
for positrons, as a function of energy, of 
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where is the electron density and fg is the dust frac- 
tion. Multiplying this by the speed of light, we see that a 
positron's stopping distance is typically shorter than its 
mean free path. Annihilations arc, therefore, expected 
to occur primarily for thermalized positrons, producing a 
511 keV line. If the dark matter particles are heavier than 
50 MeV, or so, the annihilation time for the positrons 
produced may exceed the age of the dwarf spheroid and 
equilibrium may not be reached, diminishing the 511 keV 
emission, but probably by less than a factor of 2, or so. 

If the electron temperatures are too low, positronium 
formation may dominate, resulting in a narrow line (25% 
of the time) or 3-photon continuum (75% of the time), 
depending on the spin state of the positronium. Al- 
though positronium formation dominates in the galactic 
bulge, as OSSE and INTEGRAL data suggests [29,30], 
this may not be the case in a dwarf spheriodal. It is 
likely, for example, that the Draco dwarf galaxy is per- 
vaded by diffuse galactic halo gas at T ^ lO^K and 
iVe ~ 102(106K/T)m-3, as inferred from FUSE obser- 
vations of high velocity OVI absorption [31]. At this 
temperature, direct annihilations are important. If dust 
is present at even half of the standard interstellar gas- 
to-grain ratio, the annihilation line remains narrow (less 
than about 2 keV for a grain fraction greater than one 
tenth of the local interstellar medium value) [32] . Hence 
the 511 keV line flux should be approximately 4 times 
greater than in the case of annihilation through positro- 
nium formation, as in the case of the galactic bulge where 
the dominant component of the diffuse interstellar gas is 
assumed to be at T 10'*K. 

Given that each annihilating pair of dark matter par- 
ticles form a single positron which eventually annihi- 
lates producing two 511 keV gamma-rays, the flux of this 
gamma-ray line is given by 
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where mam is the mass of the dark matter particle, av is 
the annihilation cross section multiplied by the relative 
velocity in units of c. The quantity P is equal to 0.25 
for the galactic bulge (positronium formation) and 1 for 
dwarf spheroidals (direct annihilation). 

In Ref. [3], it was shown that to explain the angular 
distribution of events, as observed by INTEGRAL/SPI, 
the Galactic halo is best fit to a mildly cusped pro- 
file (7 ~ 0.6) in the inner kiloparsecs. The full width, 
half maximum of the observed INTEGRAL / SPI signal is 
9.OI3 degrees, with 2-a confidence intervals [4]. This cor- 
responds to a value of J(An) = 37.6l:ll l for AO ~ 0.02, 
the angular extent of INTEGRAL'S detection. Combin- 
ing this with the previous equation, and using the fiux of 
9.9 X 10-^phcm-2s-\ as seen by INTEGRAL, we see 
that 
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again with 2-(t confidence intervals. We can now com- 
bine this result with values of J(AO) x Aft for specific 
dwarf spheroidals to calculate the flux predicted from 
such sources. 

Considering the range of values for J(Ari) x Afl for 
Sagittarius shown in table I (0.029 to 0.063, for AO = 
0.0038 sr), we can estimate the flux of 511 keV emission 
from this region: 

$ ~ SAttl X 10-"^ to 1.6lo:8 X 10"" cm-^s-^ (10) 

The flux from Draco is approximately a factor of ten 
smaller. Sagittarius is also near the Galactic plane, and 
within the region of the sky which has been extensively 
surveyed by INTEGRAL/SPI. For a 3 - cr detection af- 
ter an exposure of 10^ seconds, the sensitivity of this 
experiment to 511 keV line emission in this region is es- 
timated to be ~ 4 X 10^^ cm~^s~-'^ [33], below our pre- 
dicted range of fluxes. We can, therefore, conclude that 
if the ~ 10~^ cm~^s~^ flux of 511 keV gamma-rays ob- 
served from the Galactic bulge is the result of light dark 
matter annihilations, then analysis of INTEGRAL/SPI's 
data from the Sagittarius region of the sky will reveal 
an observable signal of 511 keV emission. If no such sig- 
nal is observed, we should consider other sources for the 
observed emission from the bulge. 

Of course, other potential sources may exist. For ex- 
ample, M31 may produce a signal similar to that ob- 
served from the Galactic bulge. As M31 is a factor of 
^ 100 further away than the Galactic Center, however, 
we expect fluxes ~ 500 times smaller than from Sagittar- 
ius. 
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IV. CONCLUSIONS 

If light (1-100 McV) dark matter particles, annihilat- 
ing to electron-positron pairs, are responsible for the ob- 
served 511 keV gamma-ray emission from the Galactic 
bulge, then we expect that potentially observable fluxes 
of 511 keV emission would also be produced in other 
regions with high dark matter density, particularly the 
nearby dwarf spheroidals such as Sagittarius and Draco. 
Furthermore, alternative explanations of the Galactic 
bulge emission involve exotic stellar objects (hypernovae, 
etc.), which are minimal in the directions towards the 
dwarf spheroidals. Thus observation of 511 keV emission 
from such an object would provide a "smoking gun" for 
annihilating light dark matter scenarios. 

We find that if the observed 511 keV emission from 
the Galactic bulge is the product of light annihilating 
dark matter, then the Sagittarius dwarf galaxy may 
provide a 511 keV gamma-ray flux of $ ~ 3.4t^'y x 
10--* to 1.6tJ j X 10-4 cm-2s-i. If the dark halo of the 
Sagittarius has been distended by tidal forces, then these 
numbers could be larger by a factor of ~ 30. Such a flux is 
above the sensitivity of INTEGRAL/SPI. If such a signal 
is seen upon analysis of the (existing) INTEGRAL/SPI 
data, it would favor the existence of light scalar dark mat- 
ter. The absence of such a signal would suggest that the 
511 keV emission observed from the galactic bulge is not 
likely to be related to particle dark matter annihilations. 

Very recently, a new candidate dwarf spheroidal in the 
direction of Canis Major has been suggested. Its mass 
and tidal radius have been estimated to be similar to 
that of the Sagittarius dwarf (5 x 10^ Mq and 2.5 kpc) 
[34], however, it is considerably closer and may produce 
a flux an order of magnitude larger than Sagittarius. 
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